This paper presents a new approach for the computation of flow velocity in pipes arranged in parallel based on an analytic development. The estimation of the flow parameters using existing methods requires trial and error procedures. The assessment of flow velocity is of great importance in flow measurement methods and in the design of drainage networks, among others. In drainage network design, the flow is mostly of free surface type. A new method is developed to eliminate the need for trial methods, where the computation of the flow velocity becomes easy, simple, and direct with zero deviation compared to Manning equation results and other approaches such as that have been considered as the best existing solutions. This research work shows that these approaches lack accuracy and do not cover the entire range of flow surface angles: 0 W θ 360 W .
INTRODUCTION
Flow velocity calculation is an important task for hydraulic engineers, especially in the design of open channel conveyance for irrigation, drainage, and sewer networks. Flow in the latter is usually under free surface conditions, in order to avoid a decrease of the water cross-sectional area and thereby the decrease of the flow efficiency. The Manning model is considered as the best model to describe free surface flow. Several authors, such as Chow (), Henderson (), Metcalf & Eddy Inc. (), Carlier (), Swamee (), Swamee & Rathie () , and Hager (), have discussed the model at length.
We considered in this study pipes with a circular crosssection as these are the preferred form for sewer system design. Subwatersheds can be arranged in series or in parallel. Similarly, pipes in a sewer or drainage system can be arranged in series or in parallel. Using Manning's equation, the computation of the flow velocity and water surface angle is not direct and needs to go through trial methods with heavy computations. Based on the Manning model, several researchers have been attempting to propose an explicit solution for free surface flow computation. Among these are Saatçi (), Giroud et al. () , and Akgiray (, ) who have tried to eliminate the need for iterative and trial methods for water surface angle ranging between 0 W and 302.41 W .
Transition into a pressurised flow regime may occur during intense rain events as inflow exceeds the transport capacity of the system in free flow mode. A number of authors considered that it is reliable to simulate flow in a pressurised pipe as surface flow using the Preissman slot pipe method to study the transition from free surface flow to a surcharged state in the pipe (Cunge et 
where Q is the flow rate (m 3 /s), R To use the Manning model some hypotheses must be assumed: the flow must be steady and uniform, where the slope, cross-sectional flow area, velocity are not related to time, and constant throughout the length of pipe being analysed (Carlier ) .
Equations (1) and (2) can be rewritten as a function of the water surface angle of the pipe, as shown in Figure 1 , as follows:
where D is the pipe diameter (m), P is the wetted perimeter (m), and θ is the water surface angle (radian).
According to the equations mentioned above, the computation of the flow velocity is not direct, and needs to go through iterations. Several authors have attempted to propose approximate approaches to eliminate the need for trial procedures. Among these, we note those of Saatçi (), Giroud et al. () , and Akgiray (). Saatçi's approach is based on two steps. In the first, we should estimate the water surface angle using the following formula:
In the second step, Equation (4) is used to calculate the flow velocity. The equations of Saatçi cannot be used for all the range of θ. They can be used only for the range: θ 265 The four problems mentioned above are studied for two cases, when the Manning coefficient n is constant, and when n varies with the flow depth, as documented by Camp (). In the latter, both variables are considered to be known.
In this research, we are interested in the first problem, for which Akgiray () proposed the following equations to assess the water surface angle:
where
Equation (9) is proposed for θ between 0 W and 301.41 W with maximum error equal to 0.72%. The flow velocity can be estimated according to Equations (9) and (4), where the maximum deviation is 0.29%.
THE NEW APPROACH Flow velocity

Subwatershed arranged in parallel
Subwatersheds may be arranged in series or in parallel. This study focuses on the second case, where the pipes are arranged in parallel as shown in Figure 2 .
• The pipe M1-N1 collects water from subwatershed CC1
(which takes on number 1).
• The pipe M2-N1 collects water from the equivalent watershed CC2 (which takes on number 2).
• The pipe N1-N2 collects water from the equivalent watershed CC3 (which takes on number 3).
The flow Q can be evaluated using current methods, such as the rational method or runoff curve number method (Viessman & Lewis ) . Following are the four possible types of problems to compute the flow velocity in relation to the reference pipe:
1. The computation of V 3 as a function of the pipe 01 characteristics (pipe 01 is the reference pipe). 2. The computation of V 3 as a function of the pipe 02 characteristics (pipe 02 is the reference pipe). 3. The computation of V 2 as a function of the pipe 01 characteristics (pipe 01 is the reference pipe). 4. The computation of V 1 as a function of the pipe 02 characteristics (pipe 02 is the reference pipe).
Cases 1 and 2
Flow in pipes is steady and uniform, which means that the flow characteristics are constant in time and in space (throughout the length of pipe being analysed). Let us consider that the pipe M2-N1 (or pipe 02) is the reference pipe, with known parameters. As such, the diameter D 2 , hydraulic radius R h2 , surface water angle θ 2 , crosssectional water A 2 and slope S 2 , are known data. The slope S 3 and roughness n 3 are considered as known parameters for the pipe N1-N2 (or pipe 03). Equation (4) can also be written as the following equation (Zeghadnia et al. ) :
where θ is the water surface angle in radians as shown in Figure 2 . Q 1 is transported in pipe M1-N1 and produced in subwatershed CC1, Q 2 is transported in pipe M2-N1 and produced in subwatershed CC2, and Q 3 is transported in pipe N1-N2 and produced in subwatershed CC3. The ratios Rq 32 between Q 3 and Q 2 and Rq 31 between Q 3 and Q 1 , are given by the following equations:
From the inequalities shown in Equations (13) and (14) for just full pipe (under atmospheric pressure), we obtain the following equation:
This gives:
Similarly,
Based on Equations (15), (17), and (21), the ratio Rq 32 becomes as follows:
which yields:
Using Equation (22), (2) becomes as follows:
The combination of Equations (24) and (26) gives the following equation:
Equation (27) allows the computation of the flow velocity in just full pipe (pipe N1-N2) as a function of the reference pipe characteristics. In the case of partially filled pipe and according to Equation (12), the previous formula can be rewritten as follows:
Similarly, in the case where pipe M1-N1 is the reference pipe, the flow velocity can be calculated as follows:
Equations (28) and (29) give the exact value of flow velocity in pipe N1-N2 as a function of the reference pipe parameters, both for the first and for the second case, where the maximum deviation is zero as compared to Equation (4) results.
Cases 3 and 4
In these cases, the reference pipe characteristics are known. Here, we will write the characteristics of the first pipe using the characteristics of the second pipe (reference pipe) as will be shown in the following sections. Using Equations (20) and (22), we obtain the following equations:
Using Equation (31), the velocity equation can be written as follows:
Based on Equations (16), (17), and (19), the ratio Rq 31 becomes as follows:
Also, using Equations (24) and (34), we can get the following equation:
where Using Equations (32), (35), and (36), we may estimate the velocity using the characteristics of the second pipe for just full pipe as follows:
For the case of partially full pipe, and according to Equation (12), Equation (37) becomes:
Equation (38) is the best formula as compared to existing methods with regard to Equation (4). This equation produces a maximum error of zero as shown in Table 1 . For the case when pipe 01 is the reference pipe, the same result can be obtained as follows:
Accuracy test Table 1 shows that Equation (38) is an excellent formula, with a maximum deviation of 9:89 × 10 À6 % ≅ 0, as compared to the Manning equation (Equation (4)) results. Existing methods, such as those of Saatçi (), Giroud et al. () , and Akgiray (), produce large error with limited range of application. For example, maximum deviation ΔV/V for Saatçi's equation is much higher and is not applicable for the entire range of θ. As well, the Giroud equation results for θ between 0 W and 360 W produce a maximum error of 12.76%. For the Akgiray formula, the maximum deviation is 23.80%. On the other hand, the proposed approach in this study using Equation (38) for the first case or Equation (39) for the second case is much more accurate, with a maximum error of zero. So far, it is the best existing formula as compared to Equation (4).
CONCLUSIONS
This paper presents a novel approach for the explicit computation of the flow velocity in partially filled circular-sections for four possible types of problems using known characteristics of a reference pipe. The proposed solution may be used for full circular sections. Its results are much better than those of existing models, where the deviation between the proposed equation and Manning results is zero as shown in Table 1 . The proposed equation should be of great importance and application for concerned engineers and professionals.
